Our purpose was to determine if females demonstrate decreased hamstrings to quadriceps peak torque (H/Q) ratios compared to males and if H/Q ratios increase with increased isokinetic velocity in both sexes. Maturation disproportionately increases hamstrings peak torque at high velocity in males, but not females. Therefore, we hypothesised that mature females would demonstrate decreased H/Q ratios compared to males and the difference in H/Q ratio between sexes would increase as isokinetic velocity increased. Studies that analysed the H/Q ratio with gravity corrected isokinetic strength testing reported between 1967 and 2004 were included in our review and analysis. Keywords were hamstrings/quadriceps, isokinetics, peak torque and gravity corrected. Medline and Smart databases were searched combined with cross-checked bibliographic reference lists of the publications to determine studies to be included. Twenty-two studies were included with a total of 1568 subjects (1145 male, 423 female). Males demonstrated a significant correlation between H/Q ratio and isokinetic velocity (R = 0.634, p < 0.0001), and a significant difference in the isokinetic H/Q ratio at the lowest angular velocity (47.8 ± 2.2% at 30°/s) compared to the highest velocity (81.4 ± 1.1% at 360°/s, p < 0.001). In contrast, females did not demonstrate a significant relationship between H/Q ratio and isokinetic velocity (R = 0.065, p = 0.77) or a change in relative hamstrings strength as the speed increased (49.5 ± 8.8% at 30°/s; 51.0 ± 5.7% at 360°/s, p = 0.84). Gender differences in isokinetic H/Q ratios were not observed at slower angular velocities. However, at high knee flexion/extension angular velocities, approaching those that occur during sports activities, significant gender differences were observed in the H/Q ratio. Females, unlike males, do not increase hamstrings to quadriceps torque ratios at velocities that approach those of functional activities.
Introduction
Decreased hamstrings strength relative to the quadriceps (H/Q) is implicated as a potential mechanism for increased lower extremity injuries. 1, 2 Imbalances in hamstrings to quadriceps strength (i.e., hamstrings to quadriceps peak torque ratios, H/Q < 0.75) and bilateral hamstrings strength (dominant leg flexor >15% stronger than non-dominant) correlate to greater incidence of lower extremity injury in female collegiate athletes. 2 Male and female relative hamstrings to quadriceps strength profiles diverge significantly during and following puberty. 3 Isokinetic dynamometer measurements show that male athletes demonstrate significantly greater hamstrings peak torques with increasing maturity, while peak hamstrings torque remains stable with increasing maturational stage in female athletes. 3 Thus, it appears that decreased hamstrings strength and H/Q ratios of female athletes relative to males may be related to the development of neuromuscular imbalances associated with the onset on maturation. These neuromuscular imbalances may increase injury risk in pubertal and post pubertal female athletes. [3] [4] [5] Isokinetic testing assesses the ability of the agonist-antagonist musculature to co-contract during reciprocal extension-flexion motions. This assesses the ability of the antagonists (hamstrings) to "brake" the movement of the agonist (quadriceps). 6 However, in contrast, the agonist of the ACL is the hamstrings, while the antagonist is the quadriceps, which increases strain on the ACL at the lower half of the knee flexion range (0-45°). Therefore, dynamic anterior-posterior stability, as well as abduction-adduction and internal-external rotational stability during multiplanar movements, is contingent upon hamstrings coactivation to resist anterior translation and tibial rotation resulting from quadriceps contraction and is likewise potentially dependent on H/Q ratio. 7 The general purpose of this study was systematically to evaluate the literature to determine relative hamstrings to quadriceps strength of males and females. The specific purpose was to evaluate the cumulative isokinetic data, to determine if there were differences in isokinetic H/Q ratios between genders and to evaluate the effects of increased isokinetic velocity on these measures. Maturation disproportionately increases hamstrings peak torque at high velocity in males, but not females. 3 These differences have not been reported at low velocities. Therefore, we hypothesised that mature females would demonstrate decreased H/ Q ratios compared to males and the difference in H/Q ratio between sexes would increase as isokinetic velocity increased.
Methods
Medline, accessed through Pubmed, and Smart databases were searched, combined with cross-checked bibliographic reference lists of the publications, to determine studies to be included in this review. Investigations that analysed the H/Q ratio by the use of gravity corrected isokinetic strength testing and that evaluated an uninjured population of females and/or males reported between 1967 and 2004 were eligible for inclusion, as were studies analysing isokinetic strength and/or H/Q ratio for uninjured subjects. Keywords were hamstrings/quadriceps, isokinetics, peak torque and gravity corrected. Exclusionary criteria were non-gravity corrected data, studies in which the isokinetic testing was performed in a lying position (or not in seated position, flexed at hip and knee) and non-English studies. In this seated position, as was employed in all of these studies, gravity assists the flexors and resists the extensors. Therefore, to get an accurate measure of hamstrings and quadriceps peak torque and the ratio between the two, both of these must be corrected for the effects of gravity. 8 Abstracts and unpublished studies were also excluded.
Twenty-two studies were identified and included in this review and analysis (Table 1) . 2, The articles retrieved varied by subject population and method of measurement of isokinetic peak torque. The study groups consisted of male and female subjects collected from all the published gravity corrected isokinetic studies evaluating uninjured subjects. The reviewed studies either directly reported H/Q ratios, or the ratio was calculated from mean hamstrings and quadriceps peak torque data. A total of 16 studies (714 subjects: 319 male, 396 female) were excluded based on the previously stated inclusionary/exclusionary criteria. Mean and standard deviation H/Q ratio were calculated and plotted against isokinetic velocity using a linear regression analysis (Fig. 1, Statview 5 .0.1, SAS Institute, Cary, NC). One-way factorial ANOVA was performed with Fisher's Post hoc testing to compare means between genders at specific velocities and between velocities within genders.
Results
Twenty-two studies were included in this review and analysis based on the inclusionary and exclusionary criteria. These are presented in Table 1 . The included studies contained a total of 1568 subjects (1145 male, 423 female). Isokinetic testing velocities ranged from 30°/s to 360°/s. The total mean H/Q ratios across all velocities were 51.9 ± 8.0% for females and 60.7 ± 9.5% for males (p ≤ 0.001).
The findings showed a significant correlation between H/Q ratio and isokinetic velocity in males (R = 0.634, p ≤ 0.0001, Fig. 1 ). The findings also demonstrated a significant increase in the H/Q ratio with increasing speed, from the lowest (mean 47.8 ± 2.2% at 30°/s) compared to the highest velocity (mean 81.4 ± 1.1% at 360°/s, p < 0.001, Fig. 1) . Females did not demonstrate a correlation between H/Q ratio and testing velocity (R = 0.065, p = 0.77, Fig. 1) . Females did not demonstrate a statistically significant difference in the H/Q ratio at the lowest versus the highest isokinetic angular velocity (mean 49.5 ± 8.8% at 30°/s versus 51.0 ± 5.7% at 360°/s, p = 0.84, Fig. 1 ).
Males demonstrated a significant increase in the H/Q ratio at increased velocity. ANOVA showed a significant difference in H/Q ratio in males between 30°/s and 60°/s, 180°/s, 240°/ s, 300°/s and 360°/s isokinetic testing velocity (p < 0.05, Fig. 1) . Females did not demonstrate any significant differences between H/Q ratios at different testing velocities. In addition, males demonstrated statistically significantly greater H/Q ratios than females not at 30°/s, but at 60°/s, 120°/s, 300°/s and 360°/s (p ≤ 0.05, Fig. 1 ; Table 1 ).
Discussion
The goal of this study was to review the effects of gender on H/Q ratio. An analysis of the published literature was employed to determine whether or not females and males respond to increased isokinetic angular velocity with increased hamstrings torque relative to their quadriceps torque. Review and analysis of the gravity-corrected isokinetic data published in the literature demonstrated significantly different changes in H/Q ratio with increased isokinetic velocity between males and females. At slower testing velocities, no gender differences in isokinetic H/Q ratio were observed. However, with increased knee flexion/ extension angular velocities, approaching those that occur during sports activities, significantly greater H/Q ratios were observed in male than female athletes. Therefore, it does not appear that females, contrary to males, increase hamstrings to quadriceps peak torque ratios at functional knee motion velocities during seated open-chain isokinetic activity.
The preservation of "dynamic joint stability" depends on both the passive and active restraints. Passive joint stability is dependent on the ligaments associated with the direction of translation, such as the ACL, which restrains anterior tibial translation relative to the femur. The active muscular agonists and antagonists of the ACL are the hamstrings and the quadriceps, respectively. The relative strength and recruitment of these two muscle groups determine the physiologic range of motion and positioning of the bony articulations of the knee joint. As velocity of motion increases during seated, open-chain isokinetic activity, the forward momentum of the tibia increases to a point where increased hamstrings recruitment is required to limit both extension rotation and anterior translation of the joint. Therefore, as angular velocity increases, males increase their hamstrings to quadriceps peak torque output in order to stabilise the joint and protect the ACL.
Females with decreased H/Q peak torque ratios may be at increased risk of injury. 2 Knapik et al. demonstrated that those female collegiate athletes with low H/Q ratios measured with high speed isokinetics had a higher incidence of ACL injury. The observed sex difference in the relationship between H/Q ratio and velocity may be related to females' decreased ability to dynamically control the knee joint during sports activities. 3, 5 Aagaard et al. 10 stated that eccentric hamstrings torque during deceleration minimises anterior shear forces at the proximal tibia and improves dynamic functionality of the joint. 10 The hamstrings work synergistically with the ACL to resist quadriceps contraction during knee extension. Their relative activity is increased as the ligament is loaded by quadriceps contraction at knee flexion angles below 45° via the spinal level reflex arc between the ACL and the hamstrings. 29 The absence of increased hamstrings torque relative to quadriceps torque may decrease the ability to control coronal and sagittal plane knee motion in female athletes, may increase strain on the knee and may predispose females to a higher rate of injury than males. 5, 30 Hamstrings and quadriceps may be 40-80% activated at the time that the foot touches the ground during cutting and landing. 31 High rates of injury do occur during both cutting and landing. [32] [33] [34] Both pivoting and landing are very common mechanisms of ACL injury, though they vary by sport (i.e., cutting injuries may occur more often in soccer and landing injuries may occur more often in basketball). Co-activation of the hamstrings and quadriceps protects the joint not only against anterior drawer but also against knee abduction and dynamic lower extremity valgus. If hamstrings are limited by weakness (peak torque output), quadriceps activation must be reduced, since a net external flexor moment is required to flex the knee. Hence, deficits in strength and activation of the hamstrings limit the potential for muscular co-contraction to protect ligaments. If hamstrings strength and recruitment is high, the quadriceps can be activated more while still producing a net external knee extensor moment (internal knee flexor or predominating hamstrings torque). Similar mechanisms apply to muscular protection against torsional loading, in which gender differences have been identified. 35 Increased relative hamstrings recruitment and strength during dynamic tasks may reduce dangerous knee torques and decrease injury risk. 5, 12, 36 Rudolph et al. demonstrated that, following ACL injury, subjects who did not function well with ACL deficiency (non-copers) had decreased co-contraction relative to subjects who did function well with ACL deficiency (copers), who had increased hamstrings activation. MacWilliams et al. stated that hamstrings strengthening following ACL injury may benefit ACL deficient and reconstructed knees by reducing the load in the ligament; however, they also imply that this comes at the expense of efficiency and higher patellofemoral and joint forces.
Muscular contraction can decrease the dynamic valgus motion of the knee, which potentially places the knee at increased risk of injury. 37 Joint compression through muscular cocontraction allows more of the dynamic valgus load to be carried by articular contact forces, thus protecting the ligaments. It is likely that more equal distribution of forces transmitted across both the medial and lateral compartments of the knee joint would lead to decreased landing forces. 12, 38 In addition, a decreased dynamic valgus or varus moment would decrease the risk of femoral condylar lift-off from the tibial plateau. Biomechanical studies have established the relationship between femoral condylar lift-off and injury risk. 37, 39 The increased relative hamstrings recruitment demonstrated by the males at increased isokinetic velocity may provide a protective mechanism via co-contraction and decreased coronal plane motion during dynamic tasks. 5, 34, 40 A thorough analysis of the published gravity corrected isokinetic literature demonstrated significant differences in the H/Q ratio between males and females. At slow testing speeds, gender differences are not significant. At knee flexion velocities near those of sports activities, gender differences are statistically significant. Females do not increase hamstrings torque relative to quadriceps torque at high velocities as do males at functional knee motion velocities. The absence of increased relative hamstrings to quadriceps peak torque may increase anterior shear on the tibia and valgus angulation of the lower extremity during high speed sporting activities, which may increase anterior drawer, valgus torque and tibial torsion and increase stress on the ACL and account for greater rates of certain knee injury in female athletes. 5, 12 The underlying mechanism to this divergence in H/Q ratio with increasing velocity may be due to growth and development differences in males and females. 3 Decreased hamstrings strength and H/Q ratios of female athletes relative to males may be related to the development of neuromuscular imbalances associated with the onset on maturation. 3 These neuromuscular imbalances may increase injury risk in pubertal and post pubertal female athletes. [3] [4] [5] Limitations to this review and analysis included the inclusion of studies with inconsistent measures between studies; i.e., different types of dynamometers, different measurement protocols and differences in populations studied. In addition, additional databases could have been searched; however, we are confident that we located all applicable studies. Other limitations include the relatively basic statistical analysis and the limited generalisabilty of our review and analysis to open-chain isokinetic data, which have several of their own caveats and limitations, perhaps the most important of which is a potential lack of applicability to closed-chain sporting movements. However, strength of the current study is the inclusion of only gravity-corrected isokinetic studies. Other limitations include the variable age of subjects in the studies and the absence of complete methodologies in many studies in order that potential confounding variables could be better corrected for in the statistical analysis of the data. For example, the majority of the subjects in the current study were developmentally mature individuals which would not allow for a distribution of subjects to provide sufficiently powered populations for the inclusion of age as an independent variable in our statistical analysis. The advantages to the current study design are the power of the study results afforded by the large number of subjects and the generalisability of this large data set to multiple populations.
In summary, this study provides the largest comparison of isokinetic strength measures between genders reported in the literature. In addition, it provides a reference of normative female values, to be used for further exploration into the possible relationship of gender differences in strength and peak torque ratios to injury risk and athletic performance. The current analysis demonstrates that females do not increase hamstrings to quadriceps peak torque ratio at functional knee velocities. The underlying mechanism to this divergence in H/Q ratio with increasing velocity is likely the result of growth and development differences in males and females 3 which may place females at increased risk of injury. 5 Preseason screening programs that monitor relative hamstrings to quadriceps strength may be warranted to identify female athletes with potential deficits. Targeted neuromuscular interventions that increase relative hamstrings muscle strength and recruitment may decrease injury risk and potentially enhance performance in this population. These data suggest that future prospective investigations are warranted to determine the relationship between H/Q deficits and injury incidence in female athletes. H/Q in female and male subjects diverges with increasing angular velocity. 
